Introduction
Early failure of a newly created arteriovenous fistula (AVF) is a major clinical problem. It is associated with significant morbidity among the hemodialysis population and has been implicated as a cause of increased reliance on tunneled hemodialysis catheters [1] . Indeed, vascular access complications represent an enormous economical burden that exceeds USD 1 billion per year in the USA alone [2] . The single most important reason for vascular access dysfunction is stenosis as a result of neointimal hyperplasia (NIH) [3, 4] . At a histological level, NIH can be seen as an exaggerated accumulation of myofibroblasts and smooth muscle cells (SMCs) in the inner layer of the vein [5] . Despite the urgent need for effective therapies to keep vascular access free of neointima to maintain longer patency time, little is known about the pathobiology of NIH in vascular access.
Gaining insight into the disease process leading to AVF stenosis secondary to NIH requires informative animal models. Rodents are ideal for mechanistic studies because of the availability of numerous biological tools and resources for these species. AVFs with very limited NIH have been described in mice and rats [6] [7] [8] [9] [10] [11] . The present study describes an alternative experimental AVF that recapitulates the aggressive neointimal formation observed in dysfunctional human AVFs.
Animals and Methods

Animals and Surgical Procedures
Male Sprague Dawley rats (2-4 months old, Harlan Sprague Dawley Inc., Indianapolis, Ind., USA) were operated on under isoflurane anesthesia (Webster Veterinary, Ocala, Fla., USA). The abdominal cavity was accessed through a midline incision from the xiphoid process to the symphysis pubis. Retractors were placed to maintain exposure. The abdominal content was reflected to the right to expose the inferior vena cava, aorta and the left kidney. The intestines were wrapped in saline-soaked gauze to keep them moist and warm. The Gerota's fascia of the left kidney was incised using an electrocautery, and the renal artery and the ureter were both ligated with 8.0 prolene suture (Ethicon, San Lorenzo, P.R., USA). The renal vein was occluded with a 2-mm microvascular clamp, and the left kidney was amputated at the distal renal vein. In the sham-operated animals (control), the renal vein was totally ligated as described above. In AVF-carrying animals, the infrarenal aorta was dissected from the inferior vena cava, and a curved vascular clamp was placed in the free aorta to maintain proximal and distal vascular control. An arteriotomy approximately 1 mm in length was created with microvascular scissors, and the lumina of the aorta and renal vein were flushed with saline and heparin. The anastomosis of the distal end of the renal vein to the aorta was performed using interrupted suturing with a 10.0 monofilament suture (Ethicon). Following completion of the anastomosis, the venous and arterial clamps were removed and bleeding was assessed. In case of leakage, interrupted 10.0 monofilament suture was used. Before reestablishing blood flow, a 23-gauge needle was placed adjacent to the distal renal vein and a 6-0 silk suture ligature was applied around it. The needle was then removed to create an immediate 1 50-75% luminal stenosis ( fig. 1a, b) . The abdomen was irrigated with sterile normal saline, and all abdominal contents were placed in their normal anatomical position. Closure of the abdominal cavity was performed in layers using an interrupted suture pattern with 4.0 absorbable sutures. In this model, blood circulates from the aorta through the renal vein and to the inferior vena cava. The operative time was 45 min on average. All animals recovered from anesthesia within 30-45 min. Only 3 out of 40 restricted AVF-carrying animals died postoperatively within 3 days after surgery. No surgical complications or deaths were seen amongst the sham-operated animals.
Hemodynamic Measurements
The patency of the AVFs was evaluated using ultrasound biomicroscopy (Vevo 770, Visualsonics, Toronto, Ont., Canada). The blood flow was measured in the renal vein (prior to surgery) and in the fistula 0 and 6 h and 3, 7, 14 and 30 days after surgery with a Transonic flowmeter (Ithaca, N.Y., USA). The external diameter was measured with a ruler. The wall shear stress was calculated using the Hagen-Poiseuille formula: wall shear stress = 4 Q/ r3 [6] . In this formula, is the viscosity of blood (taken to be 0.035 Fig. 1 . a Diagrammatic representation of the AVF. Fistulae were created in rats by anastomosing the left renal vein to the abdominal aorta after unilateral nephrectomy. In this model, blood circulates from the aorta to the renal vein and then to the inferior vena cava. b Photograph of the aortocaval fistula after anastomosis. The arrow identifies the ligature at the distal renal vein to restrict blood flow. c Imaging of the AVF using ultrasound biomicroscopy. The AVF appears inside the box. 
Blood Pressure and Blood Chemistry
Rats were anesthetized with ketamine (20 mg/kg) and xylazine (2 mg/kg), and blood pressure was measured directly in the right common carotid artery with an intra-arterial catheter. The blood pressure readings were noted 18-30 min after injecting the anesthetic, when the cardiovascular system had stabilized. The exteriorized catheter was connected to a pressure transducer for accurate measurement of blood pressure. Blood was drawn from the jugular vein for biochemical analysis. Blood urea nitrogen (BUN), creatinine, calcium and phosphorus were measured by 
Histopathology
To examine the AVF wall for cellular and pathological changes, operated animals were sacrificed 6 h or 1, 7, 14 or 30 days after surgery. Specimens were fixed in formalin and embedded in paraffin. Each fistula was divided into three sections as depicted in figure 2m. Multiple sections were stained with hematoxylin and eosin and Masson's trichrome for histopathological inspection. The stained slides were scanned using an Aperio ScanScope (Vista, Calif., USA), and digitalized TIFF images were uploaded to the Image-Pro Plus computer package (Media Cybernetics, Bethesda, Md., USA) to measure the lesion area and the intima-media area [12] . The number of adventitial neovessels (small arteries, veins and capillaries) was enumerated visually on hematoxylin and eosin-stained sections and further confirmed by immunostaining for endothelial cells and SMCs.
Immunohistochemistry
Immunohistochemical analysis was performed as previously reported [13] . Briefly, 5-M paraffin sections were deparaffinized in xylene and rehydrated through a series of graded alcohol washes. After tissue rehydration, the internal peroxidase activity was quenched with hydrogen peroxide. Antigens were retrieved in 10 m M sodium citrate, pH 6.0, using a microprocessor-controlled pressure chamber (Dako, Carpinteria, Calif., USA). The nonspecific binding sites were blocked with 0.5% blocking solution (Dako). This process was followed by sequential 1-hour incubations with specific antibodies, biotinylated secondary antibodies (Dako) and streptavidin-horseradish peroxidase (HRP; Dako).
The HRP product was developed with a liquid 3,3 -diaminobenzidine-positive substrate-chromogen system (Dako). Nuclei were counterstained with Mayer's hematoxylin (Sigma-Aldrich), and sections were mounted in Entellan mounting medium (EMD, Gibbstown, N.J., USA). Primary antibodies were specific for smooth muscle actin (SMA; Dako) and von Willebrand factor (vWF; Dako).
5-Bromo-2-Deoxyuridine Incorporation Assay
5-Bromo-2-deoxyuridine (BrdU; Sigma) was administered to the rats in their drinking water (0.8 mg/ml in water, changed daily) from day 14 to 21 [14] . A BrdU-labeling assay was performed on paraffin-embedded sections. After tissue rehydration, sections were incubated in acid alcohol (1 N acetic acid in absolute ethanol) for 30 min to break open the DNA. The quenching of peroxidase activity and antigen retrieval were performed as described above. Incorporated BrdU was detected with a sheep anti-BrdU polyclonal antibody (Abcam, Cambridge, UK). Sections were further incubated with a biotinylated rabbit antisheep IgG (Abcam) for 1.5 h and streptavidin-HRP (Dako) for 20 min at room temperature after rinsing off excess primary antibody. Color was developed with a 3,3 -diaminobenzidine chromogenic solution (Dako). The BrdU-labeling index (the number of BrdU-positive nuclei per unit length of internal elastic lamina corresponding to 0.1 mm) was calculated from five random areas in the neointimal layer of each section.
Statistical Analysis
Data are expressed as means 8 SEM. Two-group comparison was performed using Student's t test for independent samples. Multigroup mean analysis was performed using one-way ANOVA and the Tukey-Kramer post hoc test. The GraphPad Prism 5 computer package (GraphPad Software, La Jolla, Calif., USA) was used for all statistical calculations and linear regression analysis.
Results and Discussion
Herein, we have described a unique AVF in the rat that recapitulates one of the most salient characteristics of dysfunctional human AVF, the aggressive NIH. This AVF is created by anastomosing the left renal vein to the abdominal aorta after unilateral nephrectomy. In this model, blood circulates from the aorta to the renal vein and then to the inferior vena cava. In the restricted AVF, the blood flow was controlled by placing a ligature in the distal renal vein. The postoperative survival rate of animals carrying restricted AVFs was 93.3% at 4 weeks, which is significantly better than the 50% mortality with previous aortocaval fistulae constructed by puncturing the vena cava through the lateral aortic wall with a 22-gauge needle [15] . The control of blood flow with the distal ligature prevented excessive left ventricular hypertrophy and heart failure. Indeed, when the ligature was omitted (unrestricted fistula), 36.55% of animals died be- fore reaching the end of the experiment. Rats in the restricted flow model still developed mild cardiac hypertrophy ( table 1 ) despite all our efforts to avoid cardiac remodeling secondary to chronic volume overload. In some respects, this could be considered positive in this model, as cardiac hypertrophy occurs in 75% of hemodialysis patients [16, 17] .
Then, we examined the sham-operated and AVF-carrying rats for postsurgical physiological changes. We measured body weight, heart weight, blood pressure and blood chemistry in all experimental animals ( table 1 ). The AVF-carrying rats showed a significant loss of body weight compared to sham-operated animals (250 8 6.00 vs. 222 8 30.5 g; p = 0.043). These rats also showed significantly elevated systolic blood pressure values compared to controls ( table 1 ). The body weight loss and hypertension phenotypes are likely due to the mild cardiac hypertrophy [18] [19] [20] . BUN and blood creatinine levels were slightly elevated with respect to the preoperative values in all experimental animals ( table 1 ), as previously described in uninephrectomized rats [21] . However, BUN and blood creatine levels were still much lower than those observed in hemodialysis patients [22] or in animal models of chronic kidney disease [23, 24] .
We used ultrasound biomicroscopy to visualize the changes in blood flow and volume that occurred in the AVF. Figure 1 c shows a representative ultrasound from an AVF at day 7. Power Doppler analysis showed highly disordered flow within all inspected fistulae (n = 7). Table 2 shows temporal changes in hemodynamic parameters in restricted and unrestricted AVFs. Creation of a shunt between the renal vein and the aorta always produced a 10-fold increase in the fistula flow with respect to the presurgical values (29.99 8 3.24 vs. 2.19 8 0.59 ml/min; p ! 0.01). The magnitude of the increase in blood flow was consistent with that obtained in newly created human fistulae [25] . The blood flow was always higher in unrestricted than in restricted fistulae. In both types of fistula, the blood flow stayed high during the following 3 weeks. However, restricted fistulae were bigger in diameter than unrestricted ones, likely due to the increased intramural wall tension. In all cases, the change in the renal vein diameter was acute after surgery (150%), and only slight enlargements were observed (3-4%) during the subsequent weeks. The wall shear stress in both restricted and unrestricted fistulae peaked at day 7 (approx. 49 dyn/cm 2 ), at a value nearly 3 times higher than baseline values at day 0 (16.50 8 3.83 dyn/cm 2 ). Next, we aimed to demonstrate the existence of histological changes in the AVF wall after its creation. Figure  2 a-l shows the progressive increase in the thickness of the AVF walls, with the thickest vessels seen at days 14 and 30 after surgery. Adherent leukocytes were seen as early as 6 h following surgery; however, leukocyte infiltration was only evident at day 3 ( fig. 2 c, f) . A noteworthy accumulation of SMCs in the vascular wall was seen at day 7. At this time, the AVF was already 3 times thicker than the ligated renal vein of the sham-operated animals (neointimal area 0.029 8 0.009 vs. 0.0084 8 0.0001 mm 2 ). As in other animal models, some neointimas at days 7 and 14 developed bud-like protuberances [12] . No significant differences were observed among the three segments of Pre operational hemodynamic parameters were similar between restricted and nonrestricted AVFs. * p < 0.05 compared to the corresponding values in the restricted AVF group. ND = Not determined due to inability of the animals to undergo surgery. the fistula ( fig. 2 n, o) . Interestingly, sections from the area near the juxta-anastomotic area showed a very eccentric pattern of neointima formation similar to that observed in human AVFs [26] . Although the rate of neointimal formation in our model was 100%, only 4 out of 7 AVFs at 30 days contained small luminal thrombi associated with necrotic cores ( fig. 2 i, l) . The neointimal area was similar between unrestricted and restricted fistulae (0.071 8 0.017 vs. 0.065 8 0.029 mm 2 ; p 1 0.12; online supplementary fig. 1 ; for all online supplementary material, see www.karger.com/doi/10.1159/000332327). The neointima in our model was thicker than that in rat tail and femoral fistulae in other reports [9, 27] . There was a progressive accumulation of collagen and smooth muscle in the tunica media layer of the arterialized veins between days 7 and 30 (online suppl. fig. 2 ).
To further characterize the histological changes that occurred in our experimental fistulae, we stained serial sections taken from the anastomosis point of a blood-restricted AVF with antibodies specific for SMCs (SMA) and endothelial cells (vWF). Flow-induced endothelial injury was observed after fistula creation on day 1 ( fig. 3 b) . Endothelial repair was only observed in the vascular wall after day 7. At day 14, most of the luminal surface of the fistula was endothelialized ( fig. 3 d) . However, the presence of endothelial cells did not stop SMC accumulation in the vein ( fig. 3 f-h ). Neointimal cells were evident at day 7 and increased in number during the following weeks to cause a significant vein stenosis (27 8 10.5%). Human stented coronary arteries contain an endothelium that prevents thrombosis but not the development of restenotic lesions [28] . An impressive number of those neointimal cells were positive for BrdU (76.35 8 23.4; n = 4), revealing highly proliferative activity in the rat AVF neointima between 2 and 3 weeks after fistula creation ( fig. 4 ) . Inspection of human fistulae for the expression of the proliferative marker proliferating cell nuclear antigen has found a high proliferative index that ranged between 10 and 25% of the total number of cells [26, 29] . Similar results have been observed in experimental fistulae in pigs [12] .
Finally, we assessed the development of adventitial neoangiogenesis in the renal vein after AVF creation. New microvessel formation emanating from the vasa vasorum of the adventitia has been associated with neointimal formation and atherosclerotic plaque growth [30, 31] . In the restricted fistulae, the number of adventitial blood vessels in the AVF correlated with the development of NIH (r = 0.8903, p = 0.001; fig. 5 f) . A similar correlation was found in the unrestricted fistulae (r = 0.791, p = 001). The number of vessels increased gradually from 13 8 3 vessels on day 1 to 204 8 43 on day 30 following surgery ( fig. 5 a-c) . The neovasculature was composed of small arteries, veins and numerous capillaries that stained positively for SMA and/or vWF ( fig. 5 d, e ).
Limitations
Our model has its own virtues and limitations. Its major limitations are as follows: (1) the demanding microsurgical skills that are required to anastomose the renal vein directly into the arterial circulation; (2) the anatomical location of the fistula in the abdominal cavity, which differs from human superficial fistulae; (3) the lack of chronic kidney disease, which causes adverse remodeling in arterialized veins [24] ; (4) the superimposed stenosis to control blood flow and heart failure, and (5) tricular hypertrophy that developed in some animals and that increases mortality after 45 days. Most of these limitations are inherent to experimental fistulae in rodents, and none of them compromise the development of NIH and the arterialization of the vein, which are the ultimate goals of our model. Previous fistulae in rodents made by joining the aorta with the vena cava [6, 7, 10] , carotid and jugular veins [9] and femoral vessels [27] were not superficial and visible, and all required excellent microsurgical skills for creation. Of note, chronic kidney disease could easily be added to our model by partially ligating the renal arteries (5/6 nephrectomy) of the remaining kidney [32] . On the other hand, we have proved that the superimposed stenosis can be omitted without modifying the desired histological changes in the vein.
Conclusion
The alternative experimental AVF described herein resembles human fistulae in terms of the site of stenosis and neointimal thickness. Importantly, the model provides a simple means of studying NIH. 
